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I. Introduction.

Invdealing with the problem of finding the coefficients of the
general quadralic potential funclion of molecules. for the in-
ternal degrees of freedom it is usually found, that the experimental
material available is insafficient for a determination of all the
force-constants. The well-known ‘valence-force’ and ‘central-force’
models are generally applied means of avoiding this difficulty.
However, the use of these models very often is evidently wrong,
e.g. as demonstrated by the author as regards benzene?,

- In order to find some relations between the theoretically inde-
pendent force-constants of the general quadratic potential func-
tion, based upon less rigorous assumplions than those laid down
in the valence-force or central-force systems, the author looked
for such rules in the case of HCN, CH, and C,H,? and succeeded
in putling forward an ‘empirical rule’ valid for the three molecules
mentioned: If one or more hydrogen atoms connected with the
same carbon atom are displaced towards the adjoining carbon
atom, 1he forces acting upon the other atoms of the molecule

could, as a good approximation be put equal to zero.

To see if a more general validity of this rule could be stated,
the potential function of ethane was investigated. Ethane is the
protolype of alifatic hydrocarbons with a carbon-chain, which
means that the results obtained are of more than special interest.
The result of the investigation of ‘ethane may be briefly summar-
ized as follows: ‘

As far as only vibrations, non-degenerate with respect to the
threefold axis of ethane, are considered, the ‘empirical rule’ helps

“to find a set of force-constants which are probably correct. But

1) B. BAK, Det Kgl. Danske Vidensk. Selskab, mat.-fys. Medd. XXII, 9 (1945).
2) B. Bak, ibid. XXII, 16 (1946).
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4 Nr. 1

in the case of degenerate vibrations the application of the rule
gives false resulis. This, of course, means that the rule should
be handled wilh much care as its domain of validity is un-
determined.

Even if only a partial knowledge of the potential function
of ethane is obtained, such knowledge is of importance, 1oo. It
can he foreseen that during the next years the study of the spectra
of the partially deuterated ethanes will be among the principal
means by which to decide finally whether ethane has the D, or
the D, , configuration. For the interpretation of those spectra even

a partial knowledge of the potential function of ethane is of |

importance as all isotopic molecules obey the same potential
function.

II. Symmetry Considerations.

The problem of finding the correct stereochemical model of
ethane has been the subject of numerous papers during this
decade. It seems to be a firmly established result that no free
rotation occurs around the carbon-carbon bond, but that three
intermediate positions of minimum potential energy exist. It has
not, however, been decided whether the D,, or the D, configu-
ration is the more correct one. The mathematical technique and
the subsequent discussion of the vibrational spectra are approx-
imately the same in both cases, as will appear from the follow-
ing treatment.

1. Symmetry Coordinates and Potential Function
for the D;; Model.

Fig. 1 shows in double projection how the ethane molecule
is placed in an wyz-coordinate system. '

In table I the characters.of the normal modes of vibration
for molecules of the ethane type (point group D,,) are given.

1) A discussion of this problem is given by H. Mark in his book: ‘Plysical
Chemistry of High Polymeric Systems’, p. 53, New York 1940.
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Table I. Point group D,,. - The Cy-operation:
- . 2y >y Ty <>y Ty<> 2, Ty« 2
Num-| Fre- & - :
- ;s Degree| Spect. : — — — —
Covering E i 2 C3{2(C3D|3Cy[8(CyD be%‘ of] é::;; .OF%‘:;. alzgicv. quency i et o> -!']5 y<> :l-]'7 Ja<>—1Ys
operation vib. desig. ¢ Zy<>—2y Zo <> —1zy Zy<>— g Zyge>—Z,.
Symmetry » . The equaﬁons for the combined operations such as (C5D)
* class ; ) 1 1 1 1] 3 14 R | wmwary i ~ are easily constructed.
il MURRTRION It 1| —1 1 —1 1 1 o By means of the equations above it is now possible to find a
A;u .. L] 1 1 1 1 |—1] —1 0O |R, | 1 R set of symmetry coordinates, fulfilling the requirements of table
A;, ........ i|—1 il —1 —1 112 | T, 1 ;? *s76 1 L. As lo details in the construction of these symmetry coordinates
Egoovoinn 2 2 — i —1 g g g l;fl;y ; ! yr;::;gl ~ reference must be made to an earlier paper by the author!.
E,. ........ 2| —2 “— xdy 9;.
Symmetry \ ‘ \ \ o Table II.
elements z ce .
particularly (0,0,0)| C3 2 \ \ W Syngl;:’;ry N ’ Symmetry coordinates
studied | _ : :
The effect of the various symmetry operations on the compo- 4 gl = V3~(903 _z X4 Z ::s_-zi— ‘:z)z——-i Zz +us -ty 2ys—ys—
1ihri iti is: 19 2 T TR A 5 6 7
nents of atomic displacements from the equilibrium position 1s: | S, =z%—n |
The inversion: ' - Aia Sy = 2mtwpta—20+xstar+ V3(—ys+yi— g+ yr)
X, <> — g Xy <> — 2y XTy <> — X XTo <> — Xy x T . .
- o< —1 ¥s <> — s Yo <> — Us 4, 8 =-Swta)tatntutstats
hn Yo & 7 R <2 o Sg = V3(xs =@+ g —20) — 202 +gs + Y4 — 245 + Yo + y2)
eIy eI Ly T 2 5 -
F St = —bo—y) —ye— s —ystyst+ys+ 1
The ng-operation: Lo qu = —3b(:co—:c1)—3:rg——3x3—3a‘4+3:n5—§—39c(;+3m7
3 3 3 b Sea = 4V2 3 (g —yo) + 42— 225 — 2z, —dzy + 225 -+ 22
1 3 1 E o Vs 3 Ba (i —1o p—2z3— 2z 5 s 7
a;o—>-—-——2—x0—-K‘)—y0 a:1—>—-2—x1————é—y1 XLg —> 2334 9 Ya E, . 7‘13 . o _ _ _
l/_ 1—‘ ‘/E 1 ‘/g 1 : Sgb :12V2a($1—330)-6V3Z3+6V3Z4+6V3Zs—6V3Z7
3 e 2 . —
Yoor 5 Ty Yoo HiT gy Mg Yoo ey Ty Ha Spa = V3 (@ —as—xs+ 1) + 202 —ya—ys — 2ys + Yo -+ ya
Zo—> 7 - Z, -7y Zo—> 2y Sep = —2wstastay 2ws —ws—x + V3 (Ys—ys — Yo + y1)
0 0 1 Ea—
V3 L 3 3 Swa= V3 (a3 — x4+ xs— )+ 2Ps—Ys — Ya + 25— Us — Wz
1 3 g — Siop = — 2xp + a5 + a4 — 225 + T + 21 +V 3 (ys — Ya -+ ys — Y1)
il — g, xr,—>——X ; b x5 — p .’Lq y7 » 108 2 3
Ty TT g e Ty Ty ;2 2 Ey | Sua= —3@o+y)+yst+yst vt ys+ys+ye
V§ ]/3 1 |/5 - 1 y Stp = — 3 (p+xq) + x5 + a5 + x4+ X5 + X6+ x40
Yy Ty s Ys =75 Ty s U577 e T S0 = —2mtmtu—2%+ -+ %
e g Z,— 23 T5—> Zg Sigp = V3 (zs—zm+ 2—z1) '
3 2 i
5 1 Vg In these definitions 2 a is the C-C-distance, s the C-H-distance
1 l | 3a+ts . .
g™ 5% o U5 Tq >y Te o s and b= a+ . Pure symmetry considerations of course only
E 1 g o Lg 25— 1 s .determines each symmetry coordinale except an arbitrary factor,
—— x5 T~ 5 q . | o
e 2 2 o z2 2 1} B. Bak, Det Kgl. Danske Vidensk. Selskab, mat.-fys. Medd. XXII, 16 (1946).
Zg—> Zs Zq 8 _




8 Nr. 1
but the factors used in the above expressions are chosen so as
to make the potential energy function as simple as possible.

As the potential function must be invariant during any cover-
ing operation of the molecule, we find that:

2V = a,8? + 0,55 + 4,8} + ,5:8:+ ;5. S, + aS,S, + a,S; +

+ aSS§ + QQSE + 558+ ayy (83a+ S72b) Ty, (S§a+ Sgb) +
+ al3 (Sg‘a + SEE)‘IJ) + al4 (S7 aSSa + S’7bSSIb) + a15 (87 aSQa + S7 bSQ b) +

+ a3 (S5 Sy 0+ SgpSep) T ayy (S]?.'Oa+ S?ob)y"" a, (St S:“w) +

+ (S]Z.2a+ Step) T+ @50 (S 1068110 S105511) T 1 (8108120 S1opS10p) T
+ a5, (811 S 100 S1165:20)

2. Symmetry Coordinates and Potential Function '
for the D, ,-Model.

Fig. 2 shows how the ethane molecule is placed in ihe co-
ordinate system if belonging to the D,, point group.
In table III the characlers of the normal modes of vibration
are given.
Table III. Point group D

3h*

Covering Elo l2closlsclse gum-f Zero Deéree Spect. F;'e;

operation i b 8 2|2 % Slrbo freq. |of deg.| activ. q(;]es]ilg.y
Symmetry

class

F: VN 1 1 1 1 1 11 3 i R vivavy
Ay o 1 1] 1] 1| —1}—1! 0 | R, | —
A’l' ......... 1 |—1 1{—1] 1|—11 1 1 In
Ay o 1 |—1f 1|—1}—1} 1| 2 T, 1 I Vs
E 2 2—1|—1{ 0| 0 3 |T.T, 2 RI | vivgwy
E" ... 2 |—2|—1} 1| 0| 0, 3 |R.R]| 2 R \rovure
Symmetry ’

elements = z g

= C S C: a

particularly ’ N 2

studied |

The effects of the various symmelry operalions on the compo-
nents of atomic displacements from the equilibrium positions are:

Nr. 1
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The o, operation: The Cj-operation:
Lo Xy Ty <7 Ly Xy XLy Ty Ly To<>—xy Xy<>— a5 Xy <> — X, Xy<>— x5,
Yoy Ug<>Usq Ys<>yy Yo+ Y5 Yo<> 4y Us <> 7 s <>y, U< U
4] L3 z4<——>-——/z7 L2 Zge>r—1z Zo <> — z, Zy<>— 2z, Zy<>— 2z,
The Cj-operation: .
— - - The o, -operation:
3 1 V3 1 ;
xo*_§x0—7yo Xy — 9T 5T x2—>—§w4—?y4 L Ty — Xy, Ty @y Ty — Ty <> —1x,
V3 1 V3 1 V3 1 3 Yo— Yo Y= 4y Yo Us Ys <>y,
Yo o T g o b5 % 5 N Vo™ 5~ T4 9. Ys Zo—> % 3z Zo—> Zo Zg<> 2,
T % T E LAY Ly > — Xy Lg<>—,
V3 1 V3 1 V3 g Ys = Us e <> Yq
X3 — g Te 5 e 3’54“’_5333_793 T5_>__§9C7‘?!J7 Ty 2y . Zg<> g
1 3 1 V3 1 : : o
Y75 ™5 Yo Ysu™> 9 T3 g9 Us Ys — 5 TiTg Un In table IV the symmetry coordinates are given.
Z3—> Zg 24> 2y Zy—> Zq & . :
1 § 1 l/g Table IV.
TG_>_‘§335 9 Us Lo — 5% 796 -
£ ~A . Symmetry S &
3 1 V3 1 £ class Symmetry coordinates
Y= 5 ®s 5 Ys Ui 9 T g5 s : .
o « —
Zg~—> g Zg—>Zg. : , S o= V3(ﬂcs—--’t4+xa—_x7)—2y-z+ya+y4-295+ye+y7
B 4 Sy = —m—m—ztrntzto
The S;-operation: : LS =5 , _
, '3 1 1/5 1 l/g : 45 Si = =2zt w5 a4+ 225 — T — 7 - /3 (— Ys+ Ys+ gs—yr)
xo*_gaﬁ_?!h x1‘>_§xo—?90 xz—’*i"iﬁ—?% 3 -
3 3tz tntntntntntn
V3($3_~$4“'m6+$7)—2y2+y3+y4+295*‘y6—'y7

=3Wty)—Yo—ys—ys— s —ys— i

= 3(5Uu+x1)—33~2~333—334—x5“-’Es—ﬂ??

=4z9— 27322, — 4z + 225+ 2z,
=2V3(—z+ 2+ z—z)

= V3(Ts—$4+936*ft7)+2H2‘U3—yi+2ys—yﬁ—y7
=2y sy — 225+ ws+ 2+ V3 (g5 — ga + yo — yo)

= V3 (ms—m—w+ @) +2ys— gy — gy — 25+ vs + s
—2%s @y oy + 22, — s — 7+ V3 (g — ya— Yo+ Yo

b(yo—v) 4+ ye+ s+ va—ys — yo— 41 '

b (xo—x1) + 3+ Xy + Ty — 25— x5 — 25

N ,
2V2 (o —y) —25 2+ 2 — 22 + 25+ 2

2V2 7 (w0 — o) + V3 (5 — 2+ 27— 2)
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The symmetry coordinates of table IV have been chosen in
such a way that the potential function is formulated exactly

as in the case of the Dg;model, given on page 8. Formally § -

one can operate with the same potential function in both models
but it should be remembered that the physical meaning of the
force-constants is not the same in the two cases.

[II. Relations between Force-Constants

and Vibration Frequencies.

These equations are found in the usual way by wmeans of
the Lagrangian equations. The results are given in table V.

As appears from table V the symmetry coordinates have been
chosen so as to make all calculations in the non-degenerate
classes formally identical. This is a great advantage because this

paper mainly deals with these classes. In the degenerate classes .

there are differences, but there are also fundamental similarities
between the equations to be solved.

[V. Numerical Calculations.

1. Experimental Material.

Infrared and Raman data have been published by many

authors.
Infrared data.

Leviy and Mayer, Journ. Opt. Soc. Am. 16, 137 (1928) _
BENEDICT, MORIKAWA, BARNES, and Tavror, J. Chem. Phys. 5,1

(1937) ( - ).
BarTHOLOME and KARWEIL, Naturwis. 25, 476 (1937) ( - ):
CRAWFORD, AVERY, and LixNegrT, J. Chem. Phys. 6, 682 (1938) - )
Frep. Stirr, J. Chem. Phys. 7, 297 (1939) ' (CsDg)

Raman data.

Daurg, Trans. Far. Soc. 25, 825 (1929)
BracavanTtam, Ind. Journ. Phys. 6, 595 (1932)

- LEwis and Housron, Phys. Rev. 44, 903 (1933)

Nr. 1 , 15

(CaHg)
BracavanTaM, Proc. Ind. Acad. Sci. A; 2, 86 (1935) C - )
GrockLER and RENFREW, J. Chem. Phys. 6, 295 (1938) ( )
GrLockLER and RenrFREw, J. Chem. Phys. 6, 409 (1938) ( - )
CrRAWFORD, AVERY, and LiNNETT, J. Chem. Phys. 6, 682 (1938) (- )

( )

(CaDe)

Gouseau and KARWEIL, Zeits. Phys. Chem. B, 40, 376 (1938)
FreD StITT, J. Chem. Phys. 7, 297 (1939) '

CQDG

Frep Stitr was the first to find the very important data
from C,Dq. These highly facilitate the assignment of frequen-
cies. A careful examination of all the available literature reveals
that the assignment of frequencies made by StrrT must be con-

sidered as far the most probable at present. In table VI the
results of StiTT, therefore, are given.

e
Table VI.
conﬁlg?g ;‘iation CoHs CaDg confi gDLﬁ']alltion
vy 093 852 »
vy - 1375 1158 vo
V3 2925 2115 A
Yy - ) 310 _ V4
v 1380 1072 vy
v 2925 2100 - vg
Y1p 827 601 vq
vi1 1465 1102 Vg
¥ia 2980 2237 vy
L 1170 970 Yip
vg 1460 1055 e
vy 2960 2225 vi9

2. Discussion of Various Models.

‘The frequencies of table VI deviate from the ‘harmonical’
frequencies of the molecule (the frequencies for zero amplitude).
In cases where this deviation could be experimentally determined
it has been shown that the harmonical frequencies are roughly

jabout 2 per cent.- higher than those experimentally determined

for vibrations in which hydrogen and carbon atoms take part.
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The deviation is of course greater in the case of C,H, than
in the case of C,D); because of the greater amplitudes in the
former case. To give an impression of the size of the deviations
the ‘product rule’ of TELLER can be used. The results are given
in table VII. :

Table VII.
Product rule Experimentally

Dsa Dan ratio calec. determined
A A} 2.00 1.92
AL | Ay 1.41 -
4,, A'Z' 1.83 1.79

E, E" 2.36 2.22

=z, E’ 2.58 2.44

In papers where force-constants are calculaled the experimen-
tally determined frequencies are generally used as if they were
‘harmonical’, that is, a molecular model carrying out harmonical
vibrations with the experimentally determined frequencies is

considered, and it is postulated that the conditions of force in §

such a model are approximately the same as in the real mole-
cule. In the papers hitherto published by the author® this proce-

dure has met with no difficulties. In the present case, however, |-

difficulties arise in the degenerate symmetry classes. If the ex-
perimentally determined frequencies are used in the calculations
in the usual way, imaginary force-constants result. This means
that in the case of ethane a model corresponding to those used
at the description of other molecules such as benzene, methane,
and acetylene does not exist. To get a model with real values
of the force-constants we must alter the experimenially deter-
mined frequencies slightly before starting the calculations. The
set of frequencies used must of course obey the above-mentioned
product rule, and they should deviate as little as possible from
the experimental ones. But as such correction of the frequencies
could be carried through in many different ways, the important

question arises what réle this arbitrariness plays for the numer- .

ical size of the force-constants. In this paper we shall try to

1) loc. cit.

Nr.1 17
give a partial ‘answer to this problem by making some of the
calculations on the basis of two different sets of frequencies
that are to be considered beforehand of equal correctness.

The more fundamental problem concerning the difference
between the various models and the ‘real’ molecule cannot be
answered until a description of the vibrating molecule by means
of a potentlal function involving higher powers of the symmetry
coordinates has been given. Bul there is no possibility of giving
such a descrlptlon at the present stage of chemical physics.

bl

3. Force-Constants of the Non-Degenerate Classes.

e
Solving the determinantal equations of the non-degenerate

classes with respect to the unknown force-constants we get the
cleven equations:

4505+ 16 ayay —

1

: "1"2“3"’(:”"?1
05+ aya5as— 79
2 2 g
laﬁ_-‘a2a5—'a3a4 il A 9
. %y Ry XM T,
72
S o me
24 74
mg+3my,

= m@ (5 2) — (e +25))

DLKgl. Danske Vidensk. Selskab, Mat. fys. Medd. XXIV, 1. 2

1

(2)

&)

4)

(5)
()

(7

(8)
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mH( mg~+3my -, ) By insertion of these values in the definition equations for
a = —|= et o ——= 2(%; L .
’ 24\ 3(mp—my) (x5+76 Gt o)) & -the symmelry coordinates we get:
{_ "sremginyy £ S, =14)2; S =1; S,=—1; S, =4)2.
36 (m,+ 3my) : § :
4 agay—aj, = s m The remain‘ing syln-metry coorrdinates are equffll. to zero'. It we
WIFD—) denote the force acting upon X-atom number 7 in the direction

of the U-axis by Ky, (U), we may write:
where x;, = 4 7%?, », being one of the frequencies of the ethane

molecule 11(5)(2) = Ty t2 V2a,+ag—2)2a
and x; = 47}, » being one of the frequencies of the hexa- H(a)(Y) —8)2a;,—a,+8V2ay—ay .
deuteroethane molecule. '
Ko@) = 0
A . B , . - 1 ) _
By lns.ertlon of the numerical values from table VI we get | Beo(2) = _2l/§a5_5(16_3a8+61/2 -
the equations _
as = 57.85-10* Putting these forces equal to zero we get the three equations:
4a; + a, = 0.618 - 10* ‘ _
ai—4 aya, S = —11.64-10° agtag, = % LpH
4 a,a,+16 ajay—4a —al - = 1988 - 108 2)/2 :
- gy . .
4 ayaya5+ aa505— aas — ayaz—aza; = (5.412 +5.902)%-1014 = 5.657-10"f /_ ! ayFay = 812 (4~ ay) @7
o a+a +6a,—12V2 a,, = 0. 3,
a; = 0.02467-10%; ay — 2.5732-10% ay — 1.7651-10%; a5, = 4 2.318-10% y2 8 i V2 .1

. " means: derived on physical assumplion).
All force-constants are measured in dyne em—1. Cr phy mp )

Now (1,1),(2,f) and (12) are three equations with three unknowns.

The equations (12) —(15) represent 4 equations with 5 un- VVe solve them. and find

knowns. It is therefore impossible to find their numerical value %
without making any physical assumptlion. We now want to use
the ‘empirical’ rule cited on page 3. .

The hydrogen atoms numbers 2, 3 and 4 are displaced to-
wards C (1). The amplitude components are:

= 1.764-10* q, = 2.560-10* a, = 4 2.318-10%

" But a, can also be determined from (13) and the values just
obtained for a; and a,. We find a, = 4 2.528-10* The consistency
- between the two ways of calculating a, must be considered as a

sign of «;,. The calculations, however, show that a,, <0 means
“that a; becomes imaginary. As this possibility must be excluded
on physical grounds it only remains that

Ve ]

2)2 1 Cverification of the ‘empirical rule’ in the present case.
xp =0 o = —7g™ Y (14) now gives a relation between a® and aj. 4a§+a§ =
/6 Vo 1 237 -10°% Another relation between 1lhe same two constants is
Xy == 3 Ys = 3 Zg == —3 available in (3, f). Here two cases arise, dependent upon the
1
g.

B
l
|

w
=
I
|

L
f
[
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a4 — 5.950°108 and a; — —9.763-10¢ * (case 1) 4. Eifect of the Choice of Model.

. o oo In order to see what effect the choice of model has on the
numerical values of the force-constants the plecedmg calculations
“are repeated on the basis of slightly altered frequency values.
At the choice of these values there is an ‘infinite number of.
possibilities. A special interest would be connected Wlth a model
- the vibration frequencies of which were derived from- the experl-
- mental ones by correcting them for anharmonicity." ‘But such
correction could not be carried through at present. As the an-
* harmonicity as a rule is greater at hydrogen- than at deaterium-
vibrations I have arbitrarily chosen to consider a model Wwith
. hydrogen frequenties which are 2 per cent. higher than the cor-
responding values of table VI except in the 4, -class, where only"
1 per cent. is. added?. The deuterinm frequencies are taken over

or : .
='1~559.‘104 and qg = 15.07-104 - (case 2).

The remaining two possibilities for the numeucal values of the
‘ f01ce constants are:

a as as ay as dg . ~ dq'. - dg ' ay
(Case 1) 1.764 2.559 57.85 —2._528 5.950 —9 762 0.0236 2.56732 1.7651
(Case 2) 1.764 2.559 57.85 —2.528 1.559  15.07 0.0236 2.5732 1.7651

A choice between these two possﬂnhhes can be made by means:
of (15). We write (15) as

4 alaga3 azai —565.7-10"% = — aa5as + a,ak + aya?.

WithQUt Change' Theoretical - Ratio for
In- both ,cases the' left-hand side has the value 109.8-10'%8 S product rule ratio  frequencies chosen
In case 1 the right- hand side becomes 111.9- 10!, in case 2, Aly',f, """"" 2.00 - 2‘04.
466.7 - 1012 Thus case.l must be the correct one and the Agy oooionane 183 . 1.83

" numerical eonformliy found is a new confirmation of the validity The frequency values chosen are more in harmony with the

product rule than the experimentally determined ones. But the
author wants to stress, that this should not be considered a
sign. that the' molécular model to be: built up on the basis of
such corrected values is a better approximation to the ‘real’
molecule, not even if we had succeeded in ﬁndlng the true

We finish thls chaptel by comparlng the experimentally
determined frequencies of the non-degenerate vibrations of ethane
and hexadeuteroethane with frequencies calculated on the basis
of the force-constants of case (1) above.

Experi . . “harmonical’ frequencle‘;
xperimentally Calculated in
determined this paper "By means of the shghtly altered frequency values the cal-
Vi ) 993 - 1037 _cuhtlon of a new set of force-constants could be made in emctlv
. R 13875 1344 the same way as was shown on pages 18—20. Beneath the force-
Vgooo . 2095 2995 constants of this second model (model 2) are compared with
Voo © 1380 . 1395 ‘the force-constants of the model first considered (model 1).
ve .. e L 2995 2917 E .aj - as . ag a as ag az- . @y -, ag aip
Vi oo . , 852 805 i'.;‘ 1.764 2,660 57.85 ——2.528 5.950 —9.762 0. 0236 2.573 1.7656 2.318
U 7S 1158 . 1203 2 ()84 2. 160 41, 76 —1.449 2.898 —6.072 0.0240 1.756 2.072 1.229
o, 2115 , 2108 o) _
s oeeo 010720 1060 -083 85 165 27.2 346 234 1.0 190 7.8 31.0
Vo oo Aoy ., 2100 .. 2106 3 ‘ . ' '

;_bl) If 2 per ‘cént.” are added in this symmetry class, imaginary force-
onstants result . ’
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Table VIII. Dy,
s 92V Value of ?—SV for displacement 95; (|08:198:) 9S; | 8S; |85 45, 98|88, 65; 05:108;|188;| 88, 198|088,
88; ) coilsidered Yo Oys|Ozs| g | Oyg | Oz gy |Ozy| B | Oys |Oz3|dys|Ozs| dxg | Fyg| 025
. !

51 261151"*“0432'%“_ a;Ss 8V2ay+a, =« 2 —v3| —1 V3 1 _9 V3 1

Sa | g8y -+ 2asSe 4 aeSs 4V2a5+2ay == 1 -1 I —1 1 1
Sy 1 a3S1 + aeSs + 2055 4Y2a5+ag = y 1

Sy | 2a:8, 0 1=V 1 |—v3l —11v3
Sa | 2asSs + a105s —2a5+4V2ap =4 1 : 1 -3 1| 1 1
Ss H]OS5+2GQSG ~a10—{—8 V§a9 — ¢ —2 1/§ 1 1/§ v 1 2 —1,/§ —1

S7q | 20157+ 14Ssa -+ A15S0a 4¥2ay—dau—4)2a; = A —b A1 3 -1 _ 1

Sga | @4S74 + 219884 1 01655 2V2au—8as—4)2a5 = B *‘H/EE -4 2 I 0|—2 —4 2
Saq | @sS74 + @16S8a + 2assSy, 2Y2ap—4day—8 Y 2a; = C —2 V3| 1 V3| —1 2 V3 -1

Stoa| 2a138104 + 208114+ @nS104 —8)2ay—2V2an+2ay = D 2 V3 | —1 V3| —1 —2 —-V3 ot

Stia| @0S10a + 2188114 + @2S194 —4)2a:0—4V2 a5+ 2a = E -3 11 ‘ 1 b 1 -1 —1

Si2a| 0215100 + 295114 1 22195124 —4)2an —2)/2an+4ay = F 1 -2 12 1-/55 1 —9 1

Equation number: | (1) [@ &) [©®) | (D] ® | 9 [0 ; J ‘ ’

As is seen the ‘cross pro.duct constants” of the potential'j

adjoining carbon atom and putting the forces acting upon all
function (a,, a;, a5 and a;,) are rather badly determined. '

- the other atoms equal to zero. Thus,

‘ _ =10 pgo=—2)2 z, = —1,
5. Attempt to Calculate Force-Constants ¥ g2 V2 =

of Degenerate Classes. and consequently

Solving the determinantal equation of e.g. the E -class we]

S, = 41/5; S, =1; S, =—1;
find that :

S, =42 S, =2)2; 8§, = —4;
2 a17+ a19 == 2.207 - 104' 6_ l/ Ta . l/ 8a -
8 apais+ 4 agagg— 2 ag,— ag, = 51.33 - 10° Sia=—4V2; Siq = —4V2; Si1a= —2V/2; Siea = 2,
2 8 ,
—4 = 3,233 -10 )
@21 Q17 1p . . . . hether the stereochemical model is D, or Dy ,. All other S, = 0.
4 017015010 Qg Upo (17055 — Aygly; — Ajplzy = 5.240 - ]04 Table VIII gives a good survey of the way in which to find
ay — 5.657 - 10

-relations that could be derived by means of the ‘empirical
ule’. These relations.could all be written in the general form:

7 n
Gav 52V 85,
T2 =, -, a8, ou,

This is easily seen to be insufficient knowledge if we wan
to find the numerical values of the force-constants a;3— ay,. In
order to get more information of the force-constants we use th
‘empirical rule’, displacing a single hydrogen atom towards it
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The ten equations that can be derived from table VIII
are (Dg,):

| A-b+4y23B +3E =0
;/—36 =0 (
o . +C +D =0 (
3 C e—a ¢ —D+E =0 (4
—8 +0 —9B +F=0 (G
Qe  —2e% A —2C+2D+E =0 (
g Ho —4B —2F=0 (T
— + ¢ —C +D =0 (8
—a C +etd +C —D+E =0 (9
g+ +2B ‘ +F=0 Q0

By eliminating the unknown quantities A—F from these equa-
tions it could immediately be tested, whether they are "correct
or not.- We get:

1
B=—+FE; C=_—-E; D=
412 2

1
A=—b 2 '2|/2E

and finally derive the following three equations between the
wellknown quantities e, 8, 7, 0, and &:

—at+e=0

4,
B+d=0 B,
y—36=0 6.1)
ate=)2(8—0) (7.1

Here (4,f), (5,f) and (6,f) simply are identical with the -
earlier derived equations (2, f), (1,f) and (3,f) (page19). The
consequences of these three equations were shown to be correct.
However, (7,f) is certainly wrong. By insertion of the numerical-
values of the force-constants given on page 21 (model 1), the'.
left-hand side becomes -+ 35 -10* while the right-hand side he-
cornes — 24 - 10%. This definite inequality is furthermore »seen‘
to be independent of the choice of model. '

Table IX gives exactly the same result.
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6. Difficulties of Further Physical Treatment. -
At a first glance it seems pec-ul”iﬂé'i"that the ﬂ'r'st use of the

émpirical rule made in this paper gives correct results, while
the ‘use of the rule just made above leads to at least one false

oF

o~

Fig. 3.

‘equation. 4 priori one would reason that the disturbance of the
~molecule made by displacing one hydrogen atom must he much
less -than by displacing -three, If, however, one tries to penetrate
deeper into the problem . greal: difficulties are at once met with.

.~ We start with drawing:the attention to the original paper.

‘;by HeiTLer and Lonpon? and by Srtucura? on the prototype of

1. Herreer and Lowpon, Zeits. f. Physik, 44, 455 (1927)
L8 S1UGUR4, ibid. 46, 484 (1927).
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molecules, the hydrogen molecule. Fig. 3 repiroduces the essen- ;.

tial features in a figure from the paper of Siucuna.

E,, is the ‘Coulomb’ integral, which corresponds to the clas- |

sical interaction energy between the two hydrogen atoms. R is

E
the dlstance between the two hydrogen nuclei, thus _9Ey is -

measuring the Coulomb forces acting within the molecule. — E,,.

E
energy and —881%2 similarly measures what

is the ‘exchange’

may be called the ‘exchange’ forces within the molecule.
The force zero acting upon a hydrogen atom in the equlh-

brium position is seen to be a result of a positive value of
JE;,

OR
OF 1

dR "’

even if the attribution of the Coulomb energy to the total §.
energy Ej;+ Ep, is rather small, the Coulomb forces are of

the same order of magnitude as the exchange forces in the
vicinity of the equilibrium position.
12

point where PR

zero. This happens for R<_R,. At this point repulsive forces are |

acting upon the hydrogen atoms trying to restitute the equili
brium position. This force is solely due to Coulomb inter
action. ’

1F this result is generalized to be valid for all molecular for-

malion, it means that chemical affinity is roughly determined |
by the exchange forces. But the exact position of the nuclei in |
the equilibrium position is determined by a compromise between
exchange forces and Coulomb forces of equal sizes but opposite

directions.
When one or more atoms of a molecule are displaced -
from the equilibrium position, the problem, therefore, is to ac

counnt for the hange in two great forces, exchange and Coulomb

forces. Consequently it generally lies beyond the reach of qua

litative argning to give reasons why e.g. the ‘empirical rule”
could be used with success in one case and not in the other.:

1) Points marked with eircles.
2) Points marked with triangles.

,i.e.attractive exchange forces, and a negative value of |

whlch means repulsive Coulomb forcesV. This shows that |

Consider e. g. the

= 02, Here the exchange forces are equal to
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In future work the author hopes to be able to carry through a

quantitative or semi- quantltatlve treatment of this and similar
problems.

V. Summary.

(1) The equations between the vibration frequencies of ethane
and hexadeuteroethane and the force-constants of the general
quadratic potential function have been found, f01 both the D,

. and the D,, model.

(2) Numerical “values are found for all the force-constants

of the non-degenerate classes. In two independent ways the
correciness of the values could be stated.

(3) The dependence of the numerical values of the force-
constants upon the frequency numbers is demonstraled.

(4) The use of the ‘empirical rule’ in the case of the dege-
nerate classes leads into error. Altempts to find the error by a
physical analysis meet with difficulties, the fundamental features
of which have been emphasized.

The author wants to thank Professor LANGSETH for interesting
discussions on thé subject.
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